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Summary 
BPAG1 is the major antigenic determinant of autoim- 
mune sera of buIIous pemphigoid (BP) patients. It is 
made by stratified squamous epithelia, where it local- 
izes to the inner surface of specialized integrin-medi- 
ated adherens junctions (hemidesmosomes). To ex- 
plore the function of BPAG1 and its relation to BP, 
we targeted the removal of the BPAG1 gene in mice. 
Hemidesmosomes are otherwise normal, but they lack 
the inner plate and have no cytoskeleton attached. 
Though not affecting cell growth or substratum adhe- 
sion, this compromises mechanical integrity and influ- 
ences migration. Unexpectedly, the mice also develop 
severe dystonia and sensory nerve degeneration typi- 
cal of dystonia musculorum (dr~dr) mice. We show that 
in at least one other strain of dt/dt mice, BPAG1 gene 
is defective. 
Introduction 
Integrin-mediated adherens junctions have been impli- 
cated in cell attachment, growth, and migration (for review, 
see Hynes, 1992). On their extracellular surface, they use 
specific components of extracellular matrix to recognize 
and receive cues from their environment. On their intracel- 
lular surface, they associate dynamically with the actin 
cytoskeleton to transmit and translate these cues. Hem- 
idesmosomes are specialized, integrin-mediated junc- 
tions characteristic of stratified squamous epithelia and a 
few other tissues that adhere these cells to their basement 
membrane (for review, see Garrod, 1993). These junctions 
use the laminin component of extracellular matrix to attach 
the basal cells of an epithelium to the basal lamina. Intra- 
cellularly, they seem to differ from conventional integrin 
adherens junctions in that they connect with the intermedi- 
ate filament (IF) rather than actin filament network. The 
functional significance of this difference is not yet known, 
nor is it clear whether the connection with IFs is involved 
in transmission of signals from the extracellular matrix to 
influence growth and migration, as appears to be the case 
for classical cell-substratum adherens junctions. 
Many of the proteins that constitute hemidesmosomes 
are unique to these structures. The integrin at the core of 
the hemidesmosome is ~6134 (Stepp et al., 1990; Sonnen- 
berg et al., 1991; Jones et al., 1991). On the outside of 
the cell, a ligand for a6134 is laminin 5 (Carter et al., 1991; 
Rousselle et al., 1991). Epidermal aminins assemble into 
a special ultrastructure, referred to as anchoring filaments 
(AFs), that links hemidesmosomes with the basal lamina. 
Besides the integrin, the only other known hemidesmoso- 
mal component with a transmembrane domain(s) is bul- 
Ious pemphigoid antigen 2 (BPAG2; 180 kDa), an unusual 
protein with a large extracellular domain sharing homology 
with the collagen family (Giudice et al., 1991). BPAG2 was 
first discovered as a determinant of an autoimmune sera 
produced by patients with bullous pemphigoid (BP; Diaz 
et al., 1977). 
Inside the cell, several hemidesmosomal proteins have 
been implicated in making the connection with intermedi- 
ate filaments. 1~4 is an unusual integrin in that it has a 
large cytoplasmic domain. An internal deletion mutant of 
this domain perturbs the association of hemidesmosomes 
with the IF cytoskeleton in transiently transfected keratino- 
cytes (Spinardi et al., 1993). Proteins that do not have a 
transmembrane domain but that localize to the intracellu- 
lar portion of the hemidesmosomal plaque include HD1 
(Hieda et al., 1992) and BPAG1 (230 kDa), another target 
for BP patient antisera (Labib et al., 1986; Mueller et al., 
1989; Stanley et al., 1988; Sawamura et al., 1991). BPAG 1 
is interesting in that it shares sequence homology with 
desmoplakin, a molecule whose carboxy tail segment has 
been shown to associate with I Fs in transiently transfected 
cells (Stappenbeck and Green, 1992; Kouklis et al., 1994) 
and in vitro binding assays (Kouklis et al., 1994). 
Despite the emergence of 134, HD1, and BPAG1 as can- 
didate proteins to make the connection between the hem- 
idesmosome and IF network in keratinocytes, functional 
in vivo evidence is lacking, and it is not yet clear whether 
any of these molecules are essential in the process. Super- 
imposed on this issue is the more global question of the 
significance of the connection. Is the attachment of ct61~4 
to keratin strictly a means of providing increased mechani- 
cal strength to basal keratinocytes? Is attachment re- 
quired for cell growth, migration, or both? Is attachment 
necessary for formation of stable hemidesmosomes? Is 
it necessary to mediate the connection of hemidesmo- 
somes to laminin? 
To begin to address these questions, we have focused 
on BPAG1, not only because it is a candidate for making 
the connection with keratin filaments in vivo, but also be- 
cause of its possible role in BP. Exposed to the cell sur- 
face, BPAG2 seems a more likely target than BPAG1 for 
autoantibody-induced skin blistering at the dermo-epider- 
mal junction. This said, BPAG1 antibodies are more ubiq- 
uitous in patient sera and often exist independently of 
BPAG2 antibodies (Labib et al., 1986; Mueller et al., 1989). 
It has been suggested that antibody complexing to BPAG1 
on the inside of the hemidesmosome might interfere with 
cell-substratum attachment on the outside of the cell, but 
this hypothesis has not been tested experimentally. 
In this report, we describe the isolation of the mouse 
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Figure 1. Targeting Vector and Southern Blot, Northern Blot, and Im- 
munoblot Analyses of ES Cells and Mice Lacking the mBPAGI Gene 
(A) Restriction map of clone mBPAG 1,~8A (top) and the targeting vector 
used for gene ablation (bottom). ATG/arrow, translation start site of 
the BPAG1 coding sequence; hatched boxes, mBPAG1 arms; closed 
boxes flanking the arms, the 1 kb EcoRI-Bglll 5' and the 400 bp Kpnl- 
EcoRI 3' fragments used for Southern analysis; pgk-neo and pgk-tk, 
genes used for positive and negative selection, respectively. Arrows 
denote primers used for polymerase chain reaction of targeted alleles. 
Notl denotes site of linearization of the targeting vector. X, Xbal; N, 
Ncol; H, Hindlll; B, Bglll; E, EcoRl. 
(B and C) Southern blot analyses of genomic DNAs from ES cells (B) 
and mouse tails (C). In (B) are data from two ES clones, 3c3 and 3d2, 
that contained the 6.7 kb (3' probe) and 2.6 kb (5' probe) EcoRI bands 
diagnostic for the homologous recombination event and an ES control 
clone, which is homozygous for the wild-type BPAG1 allele (contained 
on a 12 kb fragment). In(C) are data from 5'probe analysis of represen- 
tative tail DNAs of (+/+), (+/-), and (-/-) mice that were germ line for 
transmission of the 3c3 and the 3d2 ES clones. 
(D) Northern blot analysis of total skin RNAs from (+/+), (+/-), and 
(-/-) mice that were germ line for transmission of the 3c3 and the 3d2 
ES clones. Blots were probed with BPAG1 and mK14 cDNAs. 
(E) At left, anti-BPAG 1 immunoblot analysis of 60/o gel of hemidesmoso- 
real proteins from backskins of (+/+) and (-/-) mice and from human 
foreskin; at right, 9% gel of desmoplakin I (DPI) recombinant carboxy 
fragment (97 kDa) and BPAG1 recombinant carboxy fragment (50 
kDa). Molecular mass standards are indicated inkilodaltons. 
BPAG1 gene and its ablation using homologous recombi- 
nation and embryonic stem cell technology. Our findings 
have led to the answers to many of the questions outlined 
above. In addition, they provided a surprise; the mice bear 
striking resemblance to the dystonia muscularum (dt/dt) 
mice (Duchen, 1976). This finding is particularly intriguing 
in light of recent findings indicating that thedt/dt locus is 
at the proximal region of chromosome 1, at or near the 
BPAG1 gene (Brown et al., 1994). 
Resul ts  
Generat ion  of  BPAG1 Mutant  M ice  
The human epidermal BPAG1 cDNA has been cloned and 
characterized in its entirety (Stanley et al., 1988; Sawa- 
mura et al., 1991). Its gene has also been cloned from 
human and mouse and has been partially characterized 
(Sawamura et al., 1994, references therein). It maps to 
chromosome 6pl 1-12 in humans (Sawamura et al., 1990) 
and 1 in mice (Copeland et al., 1993). We isolated a clone, 
mBPAGI~.8A, containing a portion of the mBPAG1 gene 
from a mouse 129/Sv genomic DNA library. A restriction 
map of the sequence contained in clone mBPAGI~.8A is 
shown in Figure 1A. The 500 bp encompassing the TATA 
box, ATG start codon, and a portion of exon 1 were se- 
quenced (data not shown), and they shared 100% identity 
with a recently published partial sequence of the mBPAG1 
gene (Sawamura et al., 1994). Southern analyses pre- 
viously showed that there is only a single gene in the 
mouse genome that corresponds to this BPAG1 sequence 
(Sawamura et al., 1990). 
The mBPAG1 targeting vector was constructed from 
mBPAG1;t8A genomic DNA (Figure 1A). The 4.7 kb Ncol- 
Hindlll fragment, containing 2 kb 5' of the epidermal ATG 
translation start codon and exons I, II, and III of the gene 
(ending in exon IV), was replaced with a 1.8 kb fragment 
containing a neomycin resistance gene under the control 
of the pgkl promoter. A 1.6 kb mBPAG1 5' arm of the 
vector was flanked externally by the pgkl-herpes thymio 
dine kinase gene, used for negative selection. A 4.6 kb 
mBPAG1 fragment was used as the 3' arm. 
The targeting vector DNA was transfected into embry- 
onic stem (ES) cells, and the transfectants were subjected 
to positive (G418) and negative (Gancyclovir) selection. 
DNAs from surviving colonies were isolated and screened 
for the desired homologous recombinants. Initial polymer- 
ase chain reaction analysis was confirmed by Southern 
blot analysis. Figure 1B shows representative data from 
two different independently derived ES clones, 3c3 and 
3d2, that contained the diagnostic bands for a homolo- 
gously recombined BPAG1 allele. Of a total of 70 clones 
analyzed, 3 scored positive for homologous recombination 
and displayed identical hybridization patterns. 
The 3 mutant clones were injected separately into 
C57BL/6 blastocysts to produce chimeric animals, which 
were mated with C57BL/6 females. Heterozygous off- 
spring were then mated to produce homozygous mutants, 
and offspring were tested for the mBPAG1 mutation by 
Southern blot analysis (Figure 1C). To demonstrate un- 
equivocally that the expected homologous recombination 
Gene Targeting of BPAG1 
235 
event had taken place, we conducted an additional South- 
ern analysis, this time digesting genomic DNAs with Bglll 
and probing with a radiolabeled 1.5 kb XmnI-Hindlll frag- 
ment containing the BPAG1 ATG translation start codon 
(Figure 1A). Though this probe detected a band in control 
DNAs, the probe showed no hybridization to tail DNAs 
from BPAG 1 ( - / - )  mice (data not shown). These data veri- 
fied that the targeting events had been successful, and 
that this region of the BPAG1 gene was absent in both 
alleles. Further Southern analysis using probes corre- 
sponding to the extreme 5' and 3' ends of the cloned DNA 
from mBPAGI~.8A revealed no evidence of any extrane- 
ous alterations in the chromosomal DNA of mice gener- 
ated from either 3c3 or 3d2, the two clones that transmitted 
the mutation through the germ line. Indeed, for all subse- 
quent analyses, homozygous offspring from these two in- 
dependently derived lines behaved identically. 
The Skin of the ( - / - )  Mice Do Not Have Detectable 
BPAG1 mRNA or BPAG1 Protein 
To assess whether the targeted homologous recombina- 
tion resulted in ablation of BPAG1 mRNA, we conducted 
Northern blot analysis on total RNAs extracted from skins 
of these mice. To verify the amount and quality of each 
RNA sample, we probed the blot with a radiolabeled kera- 
tin 14 (K14) cDNA. As judged by probing with a radiola- 
beled BPAG1 cDNA, the 9 kb BPAG1 mRNA was not de- 
tected in the ( - / - )  skin RNA sample, but it was present 
in (+/-) and (+/+) samples (Figure 1D). Phosphoimage 
analysis indicated that the BPAG1 mRNA levels in hetero- 
zygous mice were half those of wild-type mice. Thus, the 
level of BPAG1 mRNA in basal epidermal cells is deter- 
mined by the activity of the BPAG1 promoter and cannot 
be compensated for when only one of the two alleles is 
active. 
To examine whether BPAG1 protein is also missing in 
these animals, we conducted immunoblot analysis using 
a monoclonal antibody, mAb-5E. As shown in Figure 1E, 
the antibody recognized a band of 230 kDa in skin from 
a (+/+) animal, but not in skin from a ( - / - )  animal. The 
specificity of the antibody was confirmed by its ability to 
recognize a bacterially expressed carboxy tail segment of 
BPAG1, but not a recombinant desmoplakin tail segment. 
These data demonstrated convincingly that the targeting 
event to ablate the BPAG1 gene was successful. 
Anti-BPAG1 Antibody Staining Is Absent Near 
the Dermo-Epidermal Junction of ( - / - )  Mice, 
but Other Immunodeterminants of 
Hemidesmosomes Are Retained 
To assess whether other components of the hemidesmo- 
some might be affected as a consequence of BPAG1 loss, 
we conducted immunofluorescence microscopy on frozen 
sections of skin from (+/+), (+/-), and ( - / - )  BPAG1 mice. 
For detection of BPAG1, we used a BP patient antiserum 
known to contain antibodies specific for BPAG1 and not 
BPAG2 (gift of Dr. George Giudice and Dr. Luis Diaz), 
mAb-5E, a human monoclonal BPAGl-specific antibody 
made from the antisera of a BP patient containing reactiv- 
ity against BPAG1 (Sugi et ai., 1989), and anti-FP1, a rabbit 
polyclonal antiserum made against a ~-galactosidase fu- 
sion protein containing a segment of the tail domain of 
BPAG1 (Tanaka et al., 1990). AS expected, all three anti- 
sera bound to determinants residing near the dermo-epi- 
dermal junction and in the membrane surrounding each 
hair follicle in (+/+) and (+/-) mouse skin, with mAb-5E 
giving the sharpest signal of the three (Figure 2A). In con- 
trast, none of the antibodies showed reactivity to ( - / - )  
mouse skin (Figure 2B). 
To assess whether the loss of BPAG1 protein affected 
the localization of any of the other hemidesmosome com- 
ponents, we subjected the mouse skin sections to further 
immunofluorescence analysis. Interestingly, antibodies 
against BPAG2, laminin 5, a6 integrin, ~4 integrin, and 
HD1 all showed staining patterns on ( - / - )  mouse skin 
sections that were indistinguishable from those on (+/+) 
skin sections (Figures 2C-2L). Thus, despite the loss of 
BPAG1, all other known components of the hemidesmo- 
some still localized near or at the dermo-epidermal junction. 
iBPAG1 
Figure 2. Immunohistochemistry of Mutant Mouse Skin 
Tails of 14-day-old mice were frozen in OCT compound, sectioned, 
and subjected to immunofluorescence histochemistry (Chan et al., 
1994). First section of each pair is from (+/+) skin, and second is from 
(-/-) skin. 
(A and B) anti-BPAG1 (mAb-5E); (C and D) anti-BPAG2; (E and F) 
anti-laminin 5;(G and H) anti-~6 integrin; (Iand J) anti-134 integrin; (K 
and L) anti-HDl. 
Arrowheads denote dermo-epidermal junctions of h air follicles; double 
arrow denotes blister, described later in text. Bar, 5 I~m. 
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Figure 3. The Loss of the Hemidesmosome Inner Plate in BPAG1 
Mutant Mice 
(A) Schematic of the hemidesmosome (for review, see Garrod, 1993). 
Double arrow denotes lamina lucida. 
(B and C) Electron microscopy of basal layer of (+/+) and (-/-) mouse 
skins, respectively, taken at 14 days of age, fixed and embedded in 
Epon. Arrowheads in (B) point o the hemidesmosome inner plate. LD, 
lamina densa; LL, lamina lucida. Insets show higher magnification of
hemidesmosomes, illustrating attachment ofkeratin filaments (KF) on 
the inside of a wild-type, but not mutant, basal cell and the laminin- 
containing anchoring filaments (AF) on the outside of both (+/+) and 
(-/-) cells. Bar, 200 nm (B and C); 160 nm (insets). 
The Loss of the Inner Plate of Hemidesmosomes 
and the Severing of Keratin Filament 
Connections in ( - / - )  Mice 
To examine the number and structure of hemidesmo- 
somes in our ( - / - )  mice, we performed ultrastructural 
analyses on skin samples of mice taken at 14 days after 
birth (Figure 3). Overall, the numbers of hemidesmosomes 
were not noticeably different in the skins of (+/+) or (+/-) 
controls versus the ( - / - )  animals. In addition, both wild- 
type (Figure 3B) and mutant (Figure 3C) hemidesmo- 
somes displayed the electron dense membrane plaque 
characteristic of the structure and thought to consist of 
BPAG2 and a61~4. However, whereas classical hemides- 
mosomes had an inner plate structure, hemidesmosomes 
lacking BPAG1 were missing this plate. Furthermore, the 
mutant hemidesmosomes did not associate with keratin 
filament bundles. When taken together with our immuno- 
fluorescence data, these findings suggest that the inner 
plate is composed largely of BPAGI. 
Although difficult to visualize photographically, it was 
surprising that the number and appearance of the laminin 
AFs were not discernably altered in the ( - / - )  hemidesmo- 
somes (compare insets in Figures 3B and 3C). These thin 
filaments are located within the lamina lucida and are re- 
sponsible for attaching the hemidesmosome to the lamina 
densa. The presence of normal AFs was consistent with 
the anti-laminin 5 immunofluorescencs data shown in Fig- 
ure 2. Taken together, the results imply that despite the 
complete loss of BPAG 1 and the severing of connections 
between keratin filaments and hemidesmosomes, the rest 
of the hemidesmosomal components and the attachment 
of hemidesmosomes to the underlying basement mem- 
brane appeared unperturbed. 
In contrast to hemidesmosomes, desmosomes ap- 
peared unaffected in the ( - / - )  mice (data not shown). 
Abundant keratin filaments attached to these structures, 
and no morphological differences were detected. These 
data are consistent with and extend biochemical nd im- 
munolocalization analyses that suggest that BPAG1 is 
strictly a component of the hemidesmosome (Westgats 
et al., 1985; Klatte et al., 1989). 
The Loss of a Specific Zone of Mechanical 
Integrity in ( - / - )  Basal Cells 
If the anchoring of hemidesmosomes to the basement 
membrane is not noticeably affected by the severing of 
keratin IFs to the plaques, is the integrity of a basal epider- 
mal cell altered in the ( - / - )  mice? The answer to this ques- 
tion is yes, and in a very unusual way. At the visual level, 
we noticed that the tails of ( - / - )  mice showed discrete 
signs of blistering upon mechanical stress. This blistering 
was typically seen in tail skin and became quite marked 
after the second week of postnatal development. Epider- 
mis from haired body regions was significantly less af- 
fected, although as they grew older, these animals tended 
to lose hairs, which came out in tufts upon gentle pulling. 
In this regard, it could be relevant that BPAG1 was de- 
tected in the outer root sheath of the follicle (see Figure 2). 
At the light microscopy level, both tongue and skin dis- 
played a clear separation at or near the basement mem- 
brane (Figures 4A and 4B, respectively). At the ultrastruc- 
tural level, it was clear that the blistering arose from basal 
cell rupturing in a highly defined zone, parallel to and just 
above the cell base (Figures 4C and 4D). Other regions 
of basal epidermal cells appeared unaffected. This type 
of blistering was strikingly different from that described 
for BP patients, in whom blistering arises from separation 
within the lamina lucida and with no traces of epidermal 
rupturing (Garrod, 1993). Moreover, this rupturing was dis- 
tinct from that observed in epidermolysis bullosa simplex 
patients, in whom dominant negative-acting keratin muta- 
tions disrupt he keratin filament network, leading to broader 
and more generalized cell fragility (for review, see Anton- 
Lamprecht, 1983). 
As illustrated in Figure 4A, cellular rifts parallel to the 
base of the basal layer were also observed in other strati- 
fied squamous epithelia known to have hemidesmo- 
somes. This said, gross blistering in internal stratified 
squamous epithelia and in epidermis of haired skin was 
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Figure 4. A Narrow Zone of Mechanical Fragil- 
ity in Basal Cells of Homozygous Mutant Mice 
All data shown are from 3.5-week-old ( - / - )  
mice. 
(A) Hematoxylin and eosin staining of section 
(5 p,m) of tongue. 
(B) Methylene blue-stained semithin section 
(0.75 p.m) of ( - / - )  tail skin (3.5 week old). Aster- 
isks denote blistering of basal layer. 
(C and D) Electron microscopy of basal epider- 
mal layer from tail skin. Note zone of ruptur- 
ing just above hemidesmosomes. (D) shows 
higher magnification of the basal amina. Note 
that the number of hemidesmosomes and their 
attachment to the basement membrane are un- 
affected by the rupture. N, nuclei. 
Bar, 5.5 lira (A and B); 1 p.m (C); 350 nm (D) 
Figure 5. Wound Healing Is Delayed in the BPAG1 ( - I - )  Mice 
Data from 14-day-old +/+ and - / -  animals are shown. 
(A-D) Hematoxylin- and eosin-stained skin sections from representative BPAG1 ( - / - )  skin (A and C) and control skin (B and D) at 24 hr after 
wounding. Data from two separate woundings are shown. Arrows in (A-C) denote the edge of keratinocyte migration. Note that leukocyte coverage 
of the ( - / - )  wounds can be seen in (C) (cells adjacent to keratinocytes and to left of arrow). 
(E) Electron micrograph of leading edge of a 24 hr wound from a control mouse. Arrows in (E) denote hemidesmosomes with inner plates and 
keratin filament attachment, whereas arrowheads denote those without plates or attachment. Horizontal arrow indicates direction of wound edge. 
N, nucleus. 
Bar, 8 p.m (A and B); 5 p.m (C and D); 200 nm (E). 
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Figure 6. Mice Homologous for the Targeted BPAG1 Allele Exhibit Twisting, Dystonic Movements Typical of the dt/dt Mouse 
(A) One normal ittarmate and two BPAG1 (-I-) mice at 11 days of age. 
(B) BPAG1 (-I-) mouse at 19 days of age. 
(C) BPAGI (-/-) mouse at 35 days of age. 
relatively rare in these animals. These data suggest that 
these tissues are more protected from the physical trauma 
necessary to rupture within the narrow cell sector that is 
rendered fragile by loss of BPAGI. 
Cell Migration but Not Growth Is Affected when the 
Cytoskeleton Is Severed from Hemidesmosome 
Adherens Junctions 
Increasing evidence indicates that integrin-mediated junc- 
tions can act as signal transducing molecules and that 
attachment o the actin cytoskeleton is critical to the pro- 
cess (for review, see Luna and Hitt, 1992). Although at- 
tachment of the integrin-mediated hemidesmosomal junc- 
tion to the cytoskeleton did not seem to be required for 
a6~4-mediated cell adhesion, we wondered whether it 
might nevertheless be critical to another signal transduc- 
tion pathway, e.g., either growth or cell migration. To begin 
to address this question, we first examined the number 
of cycling cells within the basal layer of (+/+), (+/-), and 
(- / - )  epidermis. Live 2-day-old mice were injected intra- 
peritoneally with bromodeoxyuridine for 2 hr, after which 
time the mice were harvested and their skins processed. 
As revealed by anti-bromodeoxyuridine antibody labeling, 
the percentages of DNA synthesizing keratinocytes in the 
epidermal basal layers were comparable (+/+, 13% _.+ 
1% ;+/ - ,  13% __. 2% ; - / - ,  12% __. 2%). 
To examine the effects of BPAG 1 ablation on epidermal 
cell migration, we conducted wound-healing experiments 
on duplicate sets of ( - / - )  and (+/+) animals (see Experi- 
mental Procedures). Light and electron microscopy were 
employed to analyze the skins at various times after intro- 
ducing multiple superficial wounds on the backs of these 
mice. At 12 hr, none of the wounds from control or ( - / - )  
mice were covered by migrating epithelial cells. However, 
wounds of both control and mutant animals were rapidly 
surrounded by a layer of polymorphonuclear leukocytes, 
whose identity was confirmed by electron microscopy 
(data not shown). These immune infiltrates are typical of 
the first stages of wound healing. At 24 hr, the wounds from 
( - / - )  mice still showed little or no evidence of keratinocyte 
migration (Figures 5A and 5(3). At most ( - / - )  wound sites, 
surface epithelial keratinocytes had not yet begun to flat- 
ten, a precedent to cell migration (Figure 5C). 
In contrast, control keratinocytes from 24 hr wounds had 
nearly or completely encased their lesions (Figures 5B 
and 5D). These keratinocytss were highly flattened and 
almost spindle shaped, typical of migrating cells (Figure 
5D). ThefailureofBPAG1 (-/-)epithelium to cover superfi- 
cial wounds by 24 hr was reproducible and was observed 
in animals at different ages ranging from 10-28 days old. 
The defect appeared to be a retardation of the wound 
healing process rather than a gross aberration of the pro- 
cess, as evidenced by the similarities in the skin sections 
of 36-72 hr (data not shown). Moreover, the delay did 
not seem to be attributable to cell rupturing induced by 
wounding, since mechanical stress-associated cytolysis 
of the ( - / - )  basal cells was not observed at wound sites 
of haired backskin. Thus, either the initiation of migration 
or the locomotion of epidermal keratinocytes eemed to 
be retarded as a consequence of severing the attachment 
between hemidesmosomes and cytoskeleton. 
In normal mice, the epithelium surrounding awound was 
often 3-5 layers thick by 24 hr. By electron microscopy, it 
was evident that in both normal and BPAG 1 ( - I - )  animals, 
there were significantly fewer hemidesmosomes inmigrat- 
ing keratinocytes. Interestingly, even in normal mice, many 
of the hemidesmosomes at the leading edge of a wound 
site lacked the typical inner plate and corresponding at- 
tachment o the keratin IF network (Figure 5E). These data 
suggest that keratinocytes can dynamically regulate their 
association of BPAG1 with hemidesmosomes during wound 
healing. 
The BPAG1 Mice Exhibit Signs of Dystonia That 
Are Indistinguishable from dt/dt Mice 
A prominent feature of our BPAG1 ( - / - )  mice was a dra- 
matic deterioration in motor function (Figure 6). Abnormali- 
ties in limb coordination and movement typically began 
at -9  days after birth and rapidly progressed. Early in 
the progression of the disorder (Figure 6A), animals were 
comparable in size to control mice and could only be distin- 
guished by their difficulty in righting themselves when 
placed on their back. Shortly thereafter, the front and hind 
limbs began displaying mild dystonic movements, often 
twisting their limbs in hyperextended positions for pro- 
longed intervals of up to 10 s (Figure 6B). These move- 
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Figure 7. Ultrastructure of Peripheral Nervous Systems of BPAG1 Mu- 
tant Mice Reveals Signs of Sensory Nerve Fiber Degeneration 
BPAG1 (-/-) mice and control ittermates at 28 days of age were 
perfused, and tissues were embedded in Epon. 
(A and B) Semithin sections (0.75 p.m) of BPAG1 (-/-) and BPAG (+/+) 
skins, respectively. Arrows in (B) point o sensory nerve fascicles, 
absent in (-/-) skin. 
(C) Cross-section of sciatic nerve of (-/-) animal. 
(D) Higher magnification f early stage axonal degeneration. 
(E) Later stage of degeneration, showing myelin disintegration follow- 
ing axonal degeneration. 
Ax, axons; my, myelin sheaths; Sc, Schwann cells. Bar, 10 p~m (A and 
B); 3 I~m (C); 600 nm (D); 880 nm (E). 
ments became progressively more uncontrolled until the 
animals were about a month old, at which time the hind 
limbs began to show severe signs of muscle atrophy and 
the tail was often kinked and rigidly held over the back of 
the animal (Figure 6C). At this age, their paws were often 
in twisted, contorted positions. Animals were generally 
sacrificed if they lived to 5-6 weeks, at which times their 
limbs were nearly useless. 
The pathology responsible for the neurologic deteriora- 
tion was found in the peripheral and central nervous sys- 
tems. Axonal degeneration was prevalent in 4-week-old 
animals, and it resulted in the loss of myelinated axons 
of the sensory nerve fibers in the skin dermis (Figures 
7A and 7B). In addition, acute axonal degeneration was 
observed in the sciatic nerve (Figures 7C-7E). Degenera- 
tive changes in the peripheral nerves began as a swelling 
of axons with accumulation of membrane-bound vacuoles 
in the axoplasm (Figure 7D). This was followed by axonal 
disintegration and secondary degeneration of myelin 
sheaths (Figure 7E). 
The degenerative changes in the central nervous sys- 
tem appeared to be confined to the gray matter of the 
brainstem and spinal cord (data not shown). Neurons in 
the brainstem nuclei became eccentrically swollen with 
accumulations of neurofilaments hat displaced Nissl sub- 
stance and extended into proximal axons and dendrites. 
Similar changes were also found in the ventral horns of 
the spinal cord. There was no major pathology in the cere- 
Figure 8. Immunohistochemistry of Skins of dt/dt Mice 
Backskins of 4-week-old t/d~ b(dt ^ ) control and (-/-) mice (A and B) 
and 2-week-old t/dt: (d~ control and (-/-) mice (C and D) were frozen 
in OCT compound, sectioned, and subjected to immu nohistochemistry 
using mAb-5E antibody against 230 kDa BPAGI. Bar, 5 I~m. 
bellum, cerebral hemispheres, or basal ganglia, even in 
animals examined at 5 weeks of age. Preliminary studies 
have not yet revealed any pathology in the long tracts of 
spinal cord. 
Overall, the phenotypic characteristics of our BPAG1 
( - / - )  mice and their neuropathology bore a clear and strik- 
ing resemblance to two spontaneously derived recessive 
mutant mice strains referred to as dt/dt (Duchen, 1976; 
Messer and Strominger, 1980). We bred our mice with 
heterozygote animals of one of these strains, d~, and 
showed that it was allelic with our mice. 
Is the dt/dt Phenotype Due to Ablation of BPAG1 
Gene Expression? 
If ablation of BPAG1 gene expression is the sole reason 
for the dt/dt phenotype, then we would expect that BPAG1 
protein might be missing or mutated in dt/dt mice. To test 
this possibility, we conducted anti-BPAG1 immunofluores- 
cence on skin sections of the two spontaneous strains, 
dt/dt a~ and dUdE (Figure 8). Intriguingly, in contrast to a 
matched littermate (Figure 8A), dt/dt ~ mouse skin did not 
stain with any of the BPAG1 antibodies (Figure 8B). Though 
this result was promising, ambiguity resurfaced with dt/dY, 
which gave a pattern indistinguishable from the matched 
control (Figures 8C and 8D). 
Ultrastructural nalysis of dt/dt mice skin was consistent 
with our immunofluorescent data. Basal cells of dt/dt ~b 
mice showed an absence of keratin filaments at hemides- 
mosomal plaques, which were uniformly missing the inner 
plate structure (Figure 9A). In contrast, basal cells of dt/ 
d~ mice displayed what appeared to be normal hemides- 
mosomes (Figure 9B), making it unlikely that the BPAG1 
present in dUdE is altered in its ability to attach keratin 
filaments to hemidesmosomes. These findings demon- 
strate clearly that the aberrancies in the hemidesmosomes 
of stratified squamous epithelia can be separated from 
the neuronal degeneration in dt/dt mice. 
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Figure 9. Electron Microscopy of Epidermis of dt/dt Mutant Mice 
At 2-4 weeks of age, (-/-) and control ittermate mice of the dt/d~ '~ 
(dt A) and dt/d~ strains were perfused and processed for electron mi- 
croscopy. 
(A) (-/-) basal cell of dt/dt "~ epidermis. Inset shows high magnification 
of hemidesmosome. 
(B) (-/-) basal cell of dr/dr ~ epidermis. 
AF, anchoring filaments; KF, keratin filaments; LD, lamina densa. Bar, 
400 nm (A and B); 150 nm (inset). 
Discussion 
What Does the BPAG1 Knockout Tell Us about the 
Structure of the Hemidesmosome? 
Our results demonstrate that the inner plate of the hemi- 
desmosome is the natural residence of 230 kDa BPAG1. 
It is both interesting and surprising that the localization of 
all other known hemidesmosomal proteins seems unaf- 
fected by removal of BPAG1. This includes proteins such 
as HD1, which had been thought to reside in a region 
similar to BPAG1 and which might have been expected 
to be influenced as a consequence of BPAG1 ablation. 
The severing of the connection between BPAG1 and 
keratin filaments was both striking and complete. This find- 
ing unequivocally demonstrates that the remaining com- 
ponents of hemidesmosomes are not sufficient o maintain 
anchorage of keratin IFs. This result is also surprising, 
given that several recent studies have led to proposals 
that HD1, 134 integrin, or both play central roles in IF- 
hemidesmosome attachments. 134 had been a major can- 
didate, given its large cytoplasmic domain (>1100 amino 
acids) and the inability of a tailless 134 integrin to assemble 
a hemidesmosomal cytoskeleton around it (Spinardi et al., 
1993). HD1 had also been a candidate, considering its 
localization to the cytoplasmic periphery of hemidesmo- 
somes (Hieda et al., 1992). Although these proteins may 
still be involved indirectly, our studies indicate that without 
BPAG1, HD1 and 134 are ineffective at connecting the IF 
network to the plaque. 
The severing of keratin filaments from hemidesmo- 
somes did not seem to compromise the ability of the outer 
surface of the plaque to attach to laminin-anchoring fila- 
ments. Thus, the number and structure of AFs associated 
with each plaque was indistinguishable from normal. This 
behavior seems to differ from actin-mediated cell substra- 
tum attachment, in which treatment of cells with cytocha- 
lasin D to disrupt the actin cytoskeleton prevents cell sub- 
stratum attachment (for review, see Luna and Hitt, 1992). 
Moreover, since removal of BPAG 1 does not perturb cell- 
substratum adhesion, it is unlikely that anti-BPAG1 anti- 
bodies are directly responsible for initiating the epidermal- 
dermal blistering seen in BP patients. 
What Does the BPAG1 Knockout Tell Us about 
the Functions of Hemidesmosomes? 
Our studies provide compelling evidence that attachment 
of keratin IFs to hemidesmosomes is critical in providing 
mechanical strength at the base of an epidermal cell. 
BPAG1 thus acts as a hand to grasp and anchor the IF 
network at the cell base, and without these hundreds of 
microanchors, the zone at the base becomes fragile and 
prone to ruptu ring upon physical trauma. This zone of fra- 
gility is more narrowly defined than that which occurs when 
the basal keratin filament network as a whole is perturbed, 
as it is in epidermolysis bullosa simplex patients (Anton- 
Lamprecht, 1983). In epidermolysis bullosa simplex, an 
autosomal dominant disorder of keratins 5 and 14, aber- 
rancies in the basal keratin network cause cell rupturing 
in a much broader zone, beneath the nucleus and above 
the hemidesmosome (Coulombe et al., 1991; Bonifas et 
al., 1991). In epidermolysis bullosa simplex, however, ker- 
atins still remain attached to hemidesmosomes and des- 
mosomes, even in the rare recessive cases involving ho- 
mozygous premature stop codon mutations in the K14 
gene (Rugget al., 1994; Chan et al., 1994). 
It has been generally accepted that attachment of inte- 
grins to the actin cytoskeleton provides the traction forces 
to move a cell along its surface (for reviews, see Hynes, 
1992; Luna and Hitt, 1992). Recent studies have shown 
that cells containing 131 integrins mutated in their cyto- 
plasmic domain are impaired in their ability to tether to 
the actin cytoskeleton, attach to their substratum properly, 
and undergo normal cell migration (Schmidt et al., 1993). 
Epidermal keratinocytes are unusual in that they express 
two types of integrins that attach to laminins: a3131, which 
binds to the actin cytoskeleton, and a6134, which associ- 
ates with keratin filaments (Carter et al., 1990; Hertle et al., 
1991). In vitro studies have shown that when keratinocytes 
are placed in culture, the formation of a3131 substratum 
contacts precedes those of a6~4 (Carter et al., 1990). Addi- 
tionally, Kurpakus et al. (1991) investigated the migration 
of keratinocytes down the edge of a tissue explant and 
discovered that most hemidesmosomes assemble after 
cells have migrated. From these studies, it has been postu- 
lated that the integrin receptors associating with actin, 
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rather than keratin, are the major receptors involved in 
epidermal spreading and migration (Carter et al., 1990). 
Our BPAG 1 mutant mice have allowed us to test directly 
the role of the keratin cytoskeleton and its association with 
~6134 in cell growth and migration. Our results provide the 
first direct demonstration that detachment of cytoskeleton 
from hemidesmosomes does not considerably affect cell 
growth or spreading, but it does appreciably affect the 
ability of epidermal cells to migrate inward and cover a 
wound. This could occur by altering the initiation, the ve- 
locity, or both, of the migration process. The deficiency 
appears to be independent of the age of our animals, and 
it precedes the neural degeneration seen in these mice. 
It is intriguing that some of the hemidesmosomes of a 
migrating keratinocyte did not contain the inner plate nor 
did they attach to keratin filaments, and in this regard, 
they resembled the hemidesmosomes seen in our BPAG 1 
( - / - )  mice. However, since BPAG1 ablation led to a re- 
duced rather than accelerated rate of cell migration, it must 
be important for a migrating keratinocyte to maintain at 
least a few connections between hemidesmosomes and 
the cytoskeleton during wound healing. The ability of a 
migrating keratinocyte to generate a portion of hemides- 
mosomes that does not contain inner plates implies that 
the association between ~6134 and the keratin network is 
a dynamic one, and it implicates BPAG1 as a key in the 
regulatory process. As further studies are conducted, we 
hope to gain insights into how a normal keratinocyte modi- 
fies BPAG 1 or its associates to make and break its connec- 
tions between hemidesmosomes and keratin filaments. 
What Is the Relation between dt/dt and BPAGI? 
We were surprised to discover that a relatively modest 
genetic manipulation of the BPAG1 locus resulted in neu- 
rologic degeneration similar to dt/dt mice. Our finding that 
two independently derived ES lines gave rise to mice with 
this phenotype, and that one of two spontaneously derived 
dt/dt mouse strains is also completely lacking BPAG1, 
provides compelling evidence that deletions or mutations 
at the BPAG 1 locus can generate this phenotype, and that 
the pgkl-neo insertion that we used in the homologous 
recombination event is irrelevant o the dt/dt phenotype. 
Further insights into this issue may be gained once the 
size and nature of the dt/dt ~ and dUdE lesions have been 
determined. 
Is the BPAG1 gene the dYdt gene? An answer to this 
question is more difficult and raises the caveat that is asso- 
ciated with nearly all gene targeting studies that have thus 
far been conducted. Our ability to correlate the phenotype 
of our mice with two available spontaneously derived 
mouse strains and to demonstrate that ou r mice are allelic 
with dt/dt mice provides an opportunity that is rare in the 
knockout field. An additional strain of mice with a pheno- 
type similar to dt/dt has been generated by accidental inte- 
gration of - 15-20 copies of a 4.5 kb hsp68-1acZ transgene 
and an associated deletion of -45  kb of chromosome 
(Brown et al., 1994, references therein). Very recently, this 
locus has been mapped to chromosome 1 near or at the 
BPAG1 locus (Brown et al., 1994). Thus, we can assume 
that a defect in a single gene on chromosome 1 is responsi- 
ble for causing dystonia in these and in our mice. 
Based on our small deletion, the simplest explanation 
is that the ablation of BPAG1 gene expression alone is 
sufficient to cause the dt/dt phenotype. The finding that 
230 kDa BPAG1 is detected in some dt/dt strains but not 
others is puzzling but does not automatically rule out this 
possibility. This distinction could arise if BPAG1 has two 
separate functional domains or forms, one for stratified 
squamous epithelia nd the other for the CNS or peripheral 
nervous system. As shown recently by Campbell and Pe- 
terson (1992), the mechanism of neuronal degeneration 
in dt/dt mice is intrinsic to affected neurons and not a 
secondary phenomenon. This suggests that if BPAG1 is 
central to the dt/dt phenotype, it should be expressed in the 
central nervous system, the peripheral nervous system, or 
both, and thus far, immunofluorescence patterns of 230 
kDa BPAG1 have not revealed such a location (Owaribe 
et al., 1990). Nevertheless, BPAG1 may either exist in a 
different form or associate with a different structure in 
these tissues, and an answer to this issue is beyond the 
scope of the present study. Irrespective of whether there 
are epidermal and neuronal BPAG1 proteins, our studies 
demonstrate that mutations in the BPAGI gene can pro- 
duce the dt/dt mouse. This finding may have important 
future implications for understanding the human counter- 
part of the mouse pathology, should there be one. 
Experimental Procedures 
Electroporatlon and Analysis of ES Cells and Knockout Mice 
ES cells were transfected by electroporation, followed by culture and 
selection in the presence of G418 (250 p.g/ml) and gancyclovir (1 p.M) 
(Hogan et al., 1994). A fraction of each surviving colony was assayed 
for the presence of the desired homologous recombination event, To 
isolate DNAs, cells were incubated for 12 hr at 55°C in the presence 
of Tris-EDTA buffer (1 mM EDTA, 50 mM Tris-HCI [pH 8]) containing 
20 mM NaCI, 1% SDS, and 1 mg/ml proteinase K. Cell solutions were 
then extracted with phenol and precipitated with 20 m M sodium acetate 
in 95% ethanol. After 75% and 95% ethanol washes, DNAs were 
resuspended in Tris-EDTA buffer. 
For Southern blot analysis, DNAs were digested with EcoRI restric- 
tion endonuclease, and the fragments were separated by electrophore- 
sis through 0.6% agarose gels. DNAs were transferred to nitrocellu- 
lose, and blots were prehybridized for 2 hr at 60°C in a solution of 
2x SSC, 1% SDS, 0.5% non-fat milk, and 0.75 mg/ml denatured 
sonicated salmon sperm DNA. Hybridizations were then carried out 
at 60°C for at least 12 hr in a solution of 2 x 108 cpmlml radiolabeled 
probe, 2x SSC, 10/0 SDS, 0.5o/0 nonfat milk, 0.5 mgJml denatured 
sonicated salmon sperm DNA, and 10% dextran sulfate. ~P-labeled 
probes were made to DNA segments 5' and 3' from the mBPAG1 
sequences used in the targeting vector. Blots were then washed for 
30 rain each, first with 1 x SSC, lO/0 SDS and then twice with 0.1 x 
SSC, 0.1% SDS at 60°C. Blots were exposed to X-ray film for 1 day. 
ES cells harboring the desired targeting event were injected into 
mouse 129/Sv blastocysts, which were then transferred to C57BL/6 
mothers. After breeding, heterozygous and homozygous mice were 
identified first by polymerase chain reaction and then by Southern blot 
analyses of DNAs isolated from tail skins. 
For Northern analysis, total RNAs were isolated from skins of 2 day 
old (+/+), (+/-), and (-/-) mice using the procedure of Chomzcynski 
and Sacchi (1987). RNAs (40 p.g each) were subjected to electrophore- 
sis through 1%o agarose formaldehyde gels and subsequently trans- 
ferred to nitrocellulose paper. Blots were hybridized as outlined above 
with 32P-labeled probes against a 680 bp mouse BPAG1 cDNA span- 
ning parts of exons 21 and 22 or an -250 bp mouse K14 cDNA 
(control). 
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For immunoblot analyses, hemidesmosomal proteins were ex- 
tracted from backskins of 13-day-old (+/+) and ( - / - )  BPAG1 mice or 
from human foreskin and resolved by electrophoresis through 6% 
SDS-polyacrylamide gels (Sugi et al., 1989). A bacterially expressed 
50 kDa human BPAG1 carboxy-terminal protein fragment (U. Sung 
and E. F., unpublished data) and a bacterially expressed 97 kDa des- 
moplakin carboxy-terminal protein fragment (Kouklis et al., 1994) were 
run as controls and resolved by 9% SDS-polyacrylamide gel electro- 
phoresis. Gels were subjected to immunoblot analysis, and transfer 
efficiency and equal protein Ioadings were verified using Ponceau S 
staining (Sigma Biochemicals, St. Louis, MO; data not shown). Blots 
were developed using the mAb-5E antibody (1:2000 dilution), followed 
by horseradish peroxidase secondary antibodies and chemilumines- 
cence (ECL method; Amersham, Arlington Heights, IL). 
Immunofluorescence Microscopy on Frozen Tissue Sections 
Using a Cryostat, tissue sections (8 p.m) were cut onto Vectabond 
slides and stored at -80°C. On the day of staining, sections were 
briefly fixed with methanol (-20°C) for 10 rain and then washed three 
times with phosphate-bufferad saline (PBS). Sections were preblocked 
with a solution containing 1% bovine serum albumin, 0.1% Triton 
X-100, and 1% gelatin in PBS. Primary antibodies were then added 
to fresh solution and incubated with sections at room temperature for 
1 hr. Antibody concentrations used were as follows: BP patient anti- 
sera, 1:500; mAb-5E, 1:100; FP-1 anti-fusion protein antisera, 1:200; 
anti-a6, 1:50; anti-1~4, 1:100; anti-HD1, 1:20; anti-BPAG2 (J17), 1:50; 
anti-laminin 5 (J18), 1:50. After washing the slides three times with 
PBS for 10 rain each, sections were incubated with fresh solution 
containing secondary fluorescein isothiocyanate-conjugated antibod- 
ies (1:50 dilution) for 30 rain before washing and mounting. Sections 
were examined using a Zeiss Axiophot immunofluorsscence micro- 
scope. 
Ultrastructural Analyses 
Animals were sacrificed by intravenous perfusion either with a solution 
of 2% glutaraldehyde or 4% paraformaldehyde. In some cases, mice 
were dissected after 12 hr of fixation, and their tissues were processed 
for paraffin embedding. Microtome sections were stained with hema- 
toxylin and sosin. Brain sections were also stained with Bodian's silver 
stain. Selected tissues were processed for electron microscopy as 
previously described (Chan et al., 1994). 
Wound Healing 
Duplicate BPAG1 ( - / - )  and control mice at 12 or 28 days of age were 
placed under anesthesia and then subjected to multiple 0.5 mm deep, 
1.5 cm long cutaneous incisions made with a sheathed scalpel (back 
torso). At 12 hr, 24 hr, 36 hr, and/or 3 days after wounding, animals 
were sacrificed. Part of each wound was fixed and processed for light 
microscopy, and the other part was fixed and processed for electron 
microscopy. 
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